Abstract. Space vehicles orbiting in Very-Low-Earth-Orbit (VLEO, h = 200~300 km) experience considerably large aerodynamic drag due to high air-density in comparison with Low-Earth-Orbit (LEO, h = 600 ~ 700 km). Therefore, the optimization of vehicle shape via minimization of aerodynamic drag is essential for accurate estimation of satellite lifetime and fuel budget at the design stage. In this study, the aerodynamic drag is computed with direct simulation Monte Carlo (DSMC) because even in VLEO whose freestream Knudsen number is sufficiently large, some errors are still found in the prediction using free molecular approach. In order to find the optimized configuration, we vary the shape of frontal surface normal to the flight direction. Interestingly, the effects of such geometrical change appear distinctively depending on the gas-surface interaction (GSI, diffuse or specular) which can be represented by the thermal accommodation coefficient. The satellite aerodynamic characteristics including force, torque, and thermal loading are also identified by changing the pitch and the side angle.
INTRODUCTION
Recently, the use of Very-Low-Earth-Orbit (VLEO) ranging from 200 to 300 km has been considerably increased in space industry because various benefits such as observation of ground target with high resolution at reasonable cost, long-term measurement of upper atmosphere structure, acceleration of material test utilizing the increased atomic oxygen influence, etc. [1] The space vehicle (satellite) in VLEO, however, usually experience remarkably large aerodynamic drag due to high air-density in comparison with Low-Earth-Orbit (LEO) whose typical altitude is between = 600 and 700 km. Thus, the prediction of aerodynamic drag on satellites has been greatly attracted since the early stage of satellite development. As usual, the aerodynamic drag, D, is expressed by: where ρ ∞ is freestrem density (atmospheric density), V ∞ is freestream velocity (flight speed of satellite), A c is a characteristic cross-sectional area and C D is drag coefficient. By using this relation, we can either compute the drag force on satellite from known drag coefficient and atmospheric density or deduce the density from the measured drag force and drag coefficient. In both procedures, the drag coefficient is a key parameter. Also, it is a primary source of uncertainty. During 1950s to 1960s, most orbit analysts assumed a constant drag coefficient of 2.2 for satellites with compact shape when estimating atmospheric densities from orbital decay [2] . It was quite a magic number! Later, the researchers employed the drag coefficient formulas derived from free molecular approach in order to improve the accuracy of predictions. The explicit free molecular expressions has clear limit that they are applicable only to simple geometries such as flat plate, rectangular parallelepiped, cylinder, etc. When dealing with a complicated shape, the entire satellite surface is divided into a number of patches. Then, by assuming that each patch is an inclined one-sided flat plate in which the free molecular solution exists, the drag force is computed for each patch. The total drag force on satellite is computed by summing up all the drags on the patches. This kind of approach is simple and therefore quite popular even today; the recent deductions of drag coefficient satellite measurements have used this technique [3] . Other than the incapability for complicated geometries, the free molecular formulations have big drawback in principle: The free molecular solution does not include any interference for the incident gas stream onto the surface. That is to say, even the reflected molecules do not collide with the incoming particles at all. Also, the spill-over of flow at geometry edges is not considered. These phenomena can be reasonably negligible at very high altitude whose atmospheric density is in complete vacuum. However, at low altitude like 200 km, even though the density is low as ρ ∞ ~ 10 -10 kg/m 3 , the inter-molecular interaction between gas molecules and the spill-over phenomena (finite size effect) might need to be involved in the computation of aerodynamic properties. If the shape of satellite is complex, these effects are significantly augmented because the gas molecule can be accumulated locally.
Considering all these above, in this study, we develop a three-dimensional direct simulation Monte Carlo (DSMC) code in order to avoid the drawbacks in free molecular approach and achieve an accurate prediction of drag force and thermal loading on satellite. The developed code is validated by comparing with the free molecular solutions and a well-established DS3V program. Then, it is applied to optimize the vehicle shape orbiting in VLEO. In this study, the optimization means the drag minimization via varying the geometric configuration. The interesting behaviors in drag depending on the thermal accommodation coefficient are focused. Finally, we construct an aerodynamic database for satellite with optimum shape.
DSMC FOR DRAG AND HEAT FLUX PREDICTION
In this study, a three-dimensional DSMC code is developed by the use of a fully unstructured grid system to deal with geometrical complexity. The simulated particles are traced via the intersection between the particle trajectory and the faces of the computational cells being sought. The variable hard sphere (VHS) model is used for molecular collision, whereas the no time counter (NTC) method is employed for collision sampling. For the calculation of internal energy exchange between the colliding molecules, the Borgnakke-Larsen phenomenological model is adopted. Since the medium temperature inside the base region is relatively low, rotational excitation is only considered, whereas chemical reaction and vibrational modes are neglected. This assumption is justified because at VLEO the environmental temperature is not very high and the density is sufficiently low. The cell size is carefully determined to be smaller than the local mean free path in every cell.
The developed code is validated by comparing with the free molecular solutions. As a representative case, we considered a rectangular parallelepiped. Since the rectangular parallelepiped consists of six single-sided flat faces (patches) with different inclination angle to freestream, we compute the total drag force by summing up the sectional quantities in six patches. The normal and side forces and heat flux (or thermal loading) with flow angle θ are given as [1, 4, 5] :
where
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In Eqs.
(1-9), the subscript 1 indicates the direction normal to the surface and the subscript 3 stands for the tangential direction. The flow angle θ is defined as the angle between direction 1 and the incoming freestream. Γ i is the number density of incident i-th species gas molecules and the superscript D on Γ presents the quantity for "diffuse" surface. σ T is the thermal accommodation coefficient defined as 
where e i is the energy of incident molecules, e r is the energy of reflected molecules, and e w is the energy of reflected molecules whose properties are fully accommodated with wall temperature T w . In this study, σ T is the only property identifying the gas-surface interaction (GSI) and this kind of model is referred to as "Maxwell model" [5] . This model is quite simple, but very popular in satellite aerodynamics analysis. The drag force on satellite is measured for the whole structure and thereby the coefficients other than σ T cannot be deduced. If σ T = 0, the molecules are reflected from the surface specularly while, if σ T is unity, the reflected molecules are fully adjusted with the wall temperature. The actual value of thermal accommodation coefficient exists between 0 and 1 [6] . The specular surface with σ T = 0 and the diffuse one with σ T = 1 provides two limits in satellite drag prediction. Fig. 1 compares the DSMC results and free molecular solutions of drag and heat flux for a rectangular parallelepiped whose frontal area is 1×1 m 2 by varying thermal accommodation coefficients and vehicle length, L. The atmospheric properties such as density and temperature are obtained from the well-known NRLMSISE model, which is the most revised version in classical MSIS model family [7] . In the computations, the density and temperature are chosen as the values at h = 200 km. The DSMC results and free molecular solutions are in good agreement for short object. With increase in the length, the deviation between two data becomes larger. Generally speaking, the free molecular approach underestimates the drag force and the heat flux, because it does not consider the molecules arriving at the side surfaces with some inclined angle, which are involved in DSMC computation. Such effects become more prominent with increase in the vehicle length. The deviation appears more significantly for the drag rather than the heat flux because the momentum transfer is more directly influenced by the molecular stream while in the energy transfer the directional behaviors is not quite prominent due to the squared sum of velocity components. 
AERODYNAMIC SHAPE OPTIMIZATION
In aerodynamic shape optimization, the satellite shape is tuned to achieve the minimized drag force. In this study, we choose a rectangular parallelepiped with a cylinder in front side (see Fig. 2a) as the shape of model satellite. This configuration is also found in many micro-satellites in VLEO. Since all the incoming gas streams should stop on the frontal surface, we can expect that this kind of satellite will experience considerable drag force. In order to reduce the drag force, we introduce a wedge ahead of the cylinder as presented in Fig. 2b . We investigate how the drag force changes with increase in the wedge length L, which is measured as the vertical distance from the cylinder surface to the edge tip as shown in the figure. For each L-case, we consider two altitudes like 200 and 300 km to see the effect of altitude (atmosphere density). At h = 200 km, the drag force was computed with DS3V program as well to validate our DSMC code. The comparison is presented in Table 1 . The present DSMC results are excellently matched with those from DS3V. Noticeably, when the satellite surface is diffusive (σ T = 1.0), the drag force is quite robust to the change of wedge length whereas when the surface is specular, the force is significantly reduced with increase in the wedge length. Moreover, for the satellites with cylindrical front, the drag force remains almost same regardless of the surface property. This trend is still observed at h = 300 km in which the atmospheric density is about ten times smaller than the value at h = 200 km (see Fig. 3 ). These findings can be explained as follows: For specular surface, the momentum parallel to the wall is conserved, thus, the drag force on the surface is fully determined by the normal component of incoming flux. With increase in L, the normal component of free stream is reduced as the flow angle becomes smaller, which gives rise to the reduction of drag force on satellite. However, for diffuse surface, both the parallel and normal components of incident free stream lessen together upon the redistribution of molecular velocities over all the directions during collision process. Hence, the drag force is determined mostly by the total momentum carried by the free stream, which does not vary with wedge length. Finally, for the satellite with cylindrical front, since the most momentum change happened along the stagnation line on the cylinder (recall the behavior of trigonometric function), the drag force does not affected by the surface property. 
SATELLITE AERODYNAMIC DATABASE
With the DSMC code developed in this study, we constructed an aerodynamics database for the optimized satellite with the wedge of L = 1.0 m. They include the normal and tangential force coefficients, relevant moment (or, torque) coefficient and heat flux coefficient. The definitions of these coefficients are given in the textbook by Bird [5] . Figure 4 exemplifies an aerodynamics database with respect to the pitch angle, i.e. flow angle. The force, moment and heat flux coefficients were computed for the wedged satellite with L=1.0 m by varying the pitch angle θ. For each property, two different altitudes of 200 and 300 km were considered. In the present satellite coordinate, x-direction is flow direction, the y-direction is side direction, and the z-direction is normal to the flow. The force component along y-direction (y-force) is almost zero due to symmetry and it is not drawn in the figure. When yforce does not exist, the moments along x-and z-direction also vanishes, with remaining the y-torque only. The specular surfaces are thermally adiabatic because no energy is lost during collision (zero heat flux). That is why in the figure the heat flux is depicted for diffuse wall only. At the low altitude of h= 200 km, a local maximum in C x is observed at certain pitch angle whereas at h = 300 km, the profile monotonically increases proportional to the pitch angle. It is because at the high altitude, the inter-molecular interaction weakens and the spill-over of flow over the structure dominates over the interaction. Likewise, the database for various side angles was constructed while it is not presented in the article. The side surface is considerably large and the spill-over effect gets relatively small, therefore the profiles are not altered by the altitude. However, the variation of properties depending on the side angle is much more significant in comparison with that in the pitch angle database in Figure 4 .
CONCLUSIONS
In this study, we have developed an in-house three-dimensional DSMC code using unstructured grid system and applied to optimize a satellite shape orbiting in VLEO based on the aerodynamic drag minimization. The developed code was validated in the comparison with the free molecular solutions for simple geometry and DS3V results for complicated geometry. As an example satellite, we considered a rectangular parallelepiped with cylindrical front. Then, a wedged shape was added in front of the cylinder and the wedge length was changed to produce a minimized drag force. When the satellite surface is fully specular, the drag force was significantly reduced with increase in wedge length, however, when the surface is fully diffuse, the force remained unchanged regardless of the length. Also, for the satellite with cylindrical front the drag force was not varied depending on the surface property. By using the developed DSMC code, an aerodynamic database was constructed for future satellite design. At the low density, we observed a non-linear behavior in force coefficient profile with pitch angle. 
